A 10 × 10 km irrigated biomass plantation was simulated in an arid region of Israel to simulate diurnal energy balances during the summer of 2012 (JJA). The goal is to examine daytime horizontal flux gradients between plantation and desert. Simulations were carried out within the coupled WRF-NOAH atmosphere/land surface model. MODIS land surface data was adjusted by prescribing tailored land surface and soil/plant parameters, and by adding a controllable sub-surface irrigation scheme to NOAH. Two model cases studies were compared -Impact and Control. Impact simulates the irrigated plantation. Control simulates the existing land surface, where the predominant land surface is bare desert soil. Central to the study is parameter validation against land surface observations from a desert site and from a 400 ha Simmondsia chinensis (jojoba) plantation. Control was validated with desert observations, and Impact with Jojoba observations. Model evapotranspiration was validated with two Penman-Monteith estimates based on the observations. Control simulates daytime desert conditions with a maximum deviation for surface 2 m air temperatures (T 2) of 0. and are at least 100-110 W m −2 higher than the surrounding desert. This surplus is driven by reduced albedo and high surface resistance, and demonstrates that high evaporation rates may not occur over Jojoba if irrigation is optimized. Furthermore, increased daytime T 2 over plantations highlight the need for hourly as well as daily mean statistics. Daily mean statistics alone may imply an overall cooling effect due to surplus nocturnal cooling, when in fact a daytime warming effect is observed.
Introduction
The large-scale implementation of biomass plantations in arid regions is the subject of recent research due to the perceived potential for carbon sequestration, energy production, agricultural development and environmental services (Becker et al., 2013; Beringer et al., 2011) . Such plantations are becoming feasible through modern desalination (Khawaji et al., 2008; Fritzmann et al., 2007) , wastewater (Hamilton et al., 2007; Oron et al., 1999) , and irrigation techniques (e.g., see Spreer et al. 2007 ). Valuable and hardy shrubs such as Jatropha curcas (jatropha) or Simmondsia chinensis (jojoba) can withstand heat and drought, and be irrigated with waste-or brackish water (Rajaona et al., 2012; Abou Kheira and Atta, 2009; Benzioni, 1995) . These traits makes them more viable than many food crops and may reduce threats to food security if exclusive use of marginal land is adhered to (Becker et al., 2013) .
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Critical research is still missing however, on potential climatic impacts caused by significant land surface modifications in arid regions. Vital insights can be obtained using dynamically-downscaled simulations with coupled atmospheric/land surface models. Such models need careful calibration for regional arid conditions though, and validation to assess confidence in simulation results.
Large-scale agroforestry (AF) could modify the local and regional climate. Alpert and Mandel (1986) , observed a reduction in amplitude and variance of wind speeds (U ) and 2 m temperatures (T 2) in Israel over three decades. They correlated changes with increases in irrigation since the 1960s, and attribute them to lower sensible heat fluxes (HFX) and changes in albedo and roughness. De Ridder and Gallée (1998) concurred with these trends. Increases in rainfall, especially around October were also found by Ben-Gai et al. (1998 , 1994 , 1993 and Otterman et al. (1990) (in Perlin and Alpert, 2001) . This is likely due to the combination of autumn climatic conditions and the land surface perturbations. From De Ridder and Gallée (1998), Alpert and Mandel conclude that altered weather patterns are caused by lower HFX from irrigated cops, whereas Otterman cites increased HFX from non-irrigated shrubs. For the latter land use type, higher HFX and lower latent heat (LH) magnitudes would result from less water availability. Otterman (1989) also found that increased Saharan fringe vegetation increased daytime convection and atmospheric boundary layer (ABL) growth.
Given the likely dependence of flux partitioning on soil moisture, this presents some interesting questions to investigate: what partitioning of fluxes can be expected from a large arid irrigated plantation? How would these fluxes contrast with the surrounding desert surface?
The introduction of large vegetation patches into deserts is likely to induce significant horizontal flux gradients, increase surface roughness, moisten the ABL, modify turbulent flows, and induce pressure perturbations. These phenomena would influence ABL evolution and may cause convergences (Wulfmeyer et al., 2014) and mesoscale circulations (Hong, 1995; Mahfouf et al., 1987) . Impacts could be dependent on the scale of the patches. Dalu et al. (1996) suggest flux gradients of the order of 1 to 10 km are sufficient to induce significant changes. Letzel and Raasch (2003) estimate scales of around 5 km from large eddy simulations (LES). Contiguous plantations on scales of this order could be feasible now for the reasons previously discussed.
Regarding fluxes, an expectation is that a freely transpiring canopy would result in low HFX and higher LH, in contrast to bare desert surfaces where LH is likely to be almost zero. However, it is not clear how plantation HFX magnitudes would compare with typically high desert HFX. Firstly, there is generally a greater surface net radiation (R n ) at canopy surfaces due to lower albedos. Secondly, leaves can be very efficient heat radiators, and have lower heat storage potential than most substrates (Warner, 2006) . Finally, desert crops such as jojoba or jatropha may not transpire freely due to their high water use efficiency and resistance to water stress (Silva et al., 2010; Abou Kheira and Atta, 2009; Benzioni and Dunstone, 1988) and also because efficient irrigation techniques such as partial root zone drying are used (Spreer et al., 2007) . The final point is significant, because in arid regions a fine balance exists between maintaining yield and plant health, and the need to conserve water. Plantation evapotranspiration (ET) could therefore be limited, resulting in higher HFX magnitudes than a freely transpiring canopy implies. An example of large HFX magnitudes from drier vegetation is the Yatir pine forest in Israel, where Rotenberg and Yakir (2010) observed summer HFX magnitudes that were 1.3 times higher than over the Sahara and 1.6 and 2.4 times higher than tropical and temperate forests, respectively.
Relative HFX over plantation and desert will depend largely on the albedos and energy balance over the plantation. In turn, albedo generally depends on crop type, phenological stage, leaf area index (LAI), canopy cover, senescent material and so forth (e.g. Ingwersen et al., 2011; Zhang et al., 2013) . ET and upward turbulent transport of moisture depends not only on available energy, water availability, soil characteristics and boundary layer conditions, but also on roughness and plantation/canopy/leaf homogeneity, geometry and scales (Bonan, 2008; Burt, 2002; Raupach and Finnegan, 1996) . Specific plant characteristics and survival strategies also play a major role, such as modified reflectivity, photosynthesis pathways or stomatal closure. These characteristics are observed in many desert species (Warner, 2006) , such as jojoba (Seventh International Conference on Jojoba and its uses: Proceedings, 1988) and Jatropha curcas (Silva et al., 2010) .
In order to estimate impacts on atmospheric interactions, detailed simulations are carried out within coupled atmospheric and land surface models (LSM). This can be achieved by artificially modifying the land surface data used by the LSM to calculate surface exchanges. If the irrigated vegetation surface is correctly parameterized, we can then go on to assess the impacts on (a) diurnal fluxes, (b) feedbacks to and from the ABL, and (c) mesoscale impacts such as convection initiation. Furthermore, the effects of variables such as plantation size and location on these phenomena, can be explored.
The use of coupled 3-D models is preferable to the use of uncoupled models, where a land surface model is forced unidirectionally with atmospheric forcing data. This is because uncoupled models neglect the simultaneous feedbacks which occur between the surface, boundary layer and entrainment zone. These processes are central to ABL evolution (see, e.g. Van Heerwaarden et al., 2009) , evaporation and therefore flux gradients over heterogeneous landscapes. The use of fine resolutions of e.g., less than 4 km, allows for detailed resolution of landscape features and can reduce systematic errors and biases in soil-cloud-precipitation feedbacks commonly seen in coarser models where convection is normally parameterized (Rotach et al., 2009 (Rotach et al., , 2010 Wulfmeyer et al., 2008 Wulfmeyer et al., , 2011 Bauer et al., 2011; Weusthoff et al., 2010; Schwitalla et al., 2008) .
Our ultimate goal is to use the WRF-NOAH model to conduct impact studies on meso-α scales. This study focuses on the parameterization and validation of the WRF (Skamarock et al., 2008) with its LSM NOAH (Chen and Dudhia, 2001) model for the region/vegetation/irrigation/soils, and also on the comparison of energy fluxes over the desert and plantation. Two model scenarios are set up -WRF Control and WRF Impact. WRF Control represents a baseline, using unmodified MODIS land surface type initialization data and the second is a simulation of a 10 × 10 km irrigated plantation (WRF Impact). WRF Control output is compared to observations from a desert surface and WRF Impact is compared with observations from the jojoba plantation. These observations were collected especially for the experiment. Specific objectives are -to conduct an experimental study, to form the basis for a model configuration for later impact studies on largescale arid plantations;
-to build and set up a WRF-NOAH model simulation for irrigated plantations in a semi-arid region;
-to verify the model for follow-up impact studies.
In Sect. 2, the study area in Israel is described, including climate, and specifics on the irrigated plantations and surrounding area. In Sect. 3, the field methodology and observation data from desert and plantations are presented. In Sect. 4, the methodology for the WRF-NOAH model simulations are covered, including configuration, domains, and the simulation of irrigated vegetation. In Sect. 5, WRF-NOAH simulations are compared with field observations, including calculated evapotranspiration. Finally the results are discussed in Sect. 6.
The study area and its climate
The impact of plantations is studied in the semi-arid region of Israel. In this area, long hot summers, clear skies and high radiation are the most common conditions. Synoptically, a pressure trough to the north generally runs from Turkey down to the Persian Gulf drawing north-north-western winds steadily in from the Mediterranean for most of the year. Until around October, the summer climate is dominated by Hadley subsidence and strong inversions, which inhibit convection. During autumn, these inversions tend to weaken, and the Mediterranean and its winter cyclones start to have more influence. Precipitation is usually convective when it occurs, either embedded in the passage of fronts or induced by local circulations (Perlin and Alpert, 2001 ). This study focuses on the area of the northern edge of Israel's Negev Desert close to the city of Be'ér Sheva' (see Fig. 1 , inset) around 50 km from the coast (31.24 • N, 34.72 • E). This lies roughly on the border of two climatic zones -a semi-arid one with crops and grasslands to the north, and an arid one to the south. In this desert area various plantations exist. Among them are a jatropha and a jojoba plantation, which are the subject of this investigation and as a control case, a dry desert area was chosen. All cases are located approximately 2 km to the west of Be'ér Sheva'.
The "Desert" case study is situated on bare, desert soil with no vegetation, marked (1) in Fig. 1 . Some small plantations exist around 800 m upwind but it is assumed that moisture advection to the sensors would not be significant and that non-advected quantities such as surface radiation and soil temperature would be representative of a desert surface. The "Jatropha" case study (2) is a 2 ha irrigated Jatropha curcas plantation and the "Jojoba" case study (3) is a 400 ha plantation of irrigated jojoba with a canopy height of around 3-3.5 m. Both plantations are irrigated with secondary treated waste water from Be'ér Sheva', with low water salinity, i.e. the plantation's managers report that mean electrical conductivity (EC) of the irrigation water is ∼ 1 dS m −1 (see Appendix B for more information about salinity). The experimental jatropha plantation is irrigated only from March to December and is heavily pruned during the winter. Because of this, the canopy cover is still only around 50-60 % at the beginning of June. This increased over the summer to nearly 100 % during July. This is likely to bias the Jatropha observations somewhat (compared to a fully mature jatropha canopy) due to gradual changes in wind speed, albedo, evaporation and so on. Due to the small size of the jatropha plantation and the changing canopy conditions, it was decided that only the Jojoba observations would be used for validation. The Jatropha observations are however, examined and compared with the Jojoba observations (see Sect. 3.2) and yield interesting information on differences in solar and thermal radiation components between the crops.
The jojoba plantation is fully mature and watered all year round. The shrubs are widely spaced for mechanized harvesting (4 × 2.5 m) producing canopy coverage of around 70 % for the mature sections. These factors, consequently, are likely to produce differences in albedo, wind flow, turbulence, evaporation, skin and air temperatures and other quantities when compared with a 100 % canopy closure. The soils within the plantation are mainly composed of silty to sandy loam, loess soils by local soil survey.
While the jatropha plantation is being tested with various sub-surface treatments, the jojoba plantation is fed by a sophisticated, sub-surface deficit irrigation system configured to maximize water use efficiency and yield. Water requirements are estimated by agronomists using meteorology data and standard methods. The irrigation flow rates, duration and dripper spacing are optimized to minimize losses to percolation, runoff and direct evaporation. Given that (a) there is little precipitation, (b) the irrigation is sub-surface and (c) the dosage is carefully calibrated, these losses are assumed to be negligible. Therefore, based on these assumptions, only the Hukseflux HFP01 within −15 to +5 % for 12 h totals potential and transpired evaporation terms would play a role within the NOAH evaporation equation (Appendix A). The plants are watered directly at the root ball (35 cm deep) in alternate crop rows. Soil moisture ( ) is monitored by a sensor network, and constrained to a fraction of between 0.16 and 0.30 so that the plant is neither water-stressed nor overwatered. This means that the frequency of watering can be irregular depending on environmental conditions such as radiation magnitudes, phenological stage and so on. The stem spacing of the jojoba plantation also means that soil moisture is highly heterogeneous spatially. Irrigation information comes from the jojoba plantation agronomists.
Measurements

Site description and meteorological observations
The variables measured and the sensor array are described in Table 1 . A scan rate of 5 s was used for measuring and the data was averaged over 10 min intervals. Other useful variables were then derived from these measurement data. Albedo was calculated from the individual observed radiation components as SW UP /SW DOWN and net surface radiation (R n ) is calculated as SW DOWN − SW UP + LW DOWN − LW UP . The vapour pressure deficit (hPa) is derived as: e sat − e actual where e sat is the partial pressure of water vapour at saturation (hPa) and e actual is the actual vapour pressure.
Analyses of observations
A summer time series of T 2 and RH ( Fig. 2) was examined from the three stations to assess the seasonal evolution of mean temperatures and relative humidity along with maxima and minima. The purpose of doing so was to reveal any major seasonal shifts, to assess the validity of examining seasonal diurnal curves, and to explain some of the hourly variance. Figure 2 indicates a general seasonal T 2 pattern, peaking in July with daily means 2-3 • C warmer than in June. Desert is warmer at night but cooler during the daytime than the plantations with the Jojoba T 2 lower in general than Jatropha. Relative humidities remain fairly constant indicating more humidity during July where higher July T 2 signifies higher saturation values. The Jojoba and Jatropha RH curves match very closely but Desert exhibits lower maximum RH during the night, reflecting the higher T 2 minimum. Net radiation (R n ) values peak at the end of June and then decrease steadily over the season (see Fig. 3 ). Jojoba has a higher R n than Jatropha especially over July, reflecting the lower albedo of Jojoba, and the Desert station has between 80 to 100 W m −2 less peak R n than either of the plantations. Mean U is quite constant over Desert and Jojoba, but over Jatropha it decreases somewhat over the season (0.5 m s −1 ) probably reflecting the Jatropha's canopy development and corresponding increase in drag. Winds speeds are in general a little higher over Jojoba than over Jatropha. There is a high variability in mean U direction and the 7 day mean indicates a slight shift of around 10 • to the west through the season, for all stations. Surface wind speeds over Desert reach 5-6 m s −1 and are in general higher than over the plantations (3-4 m s −1 ) and also very slightly more northerly, indicating the effect of drag and a tendency towards gradient flows over the canopy. Surface air pressures (P ) in Fig. 3 tend to vary inversely with the seasonal temperatures, but with large variations over periods of a few days, in accordance with changing large-scale pressure systems.
Considering mean diurnal statistics (Fig. 4) , T 2 values over the plantations exhibit larger amplitudes than over the desert being warmer in the daytime and cooler at night. Jatropha is warmer than the Jojoba during the day (+2 • C) and also at night (+1 or 2 • C). Day and nighttime RH values are fairly similar and reflect the differences in temperature over the day. Wind speeds over Desert are higher with a pronounced daytime peak late in the afternoon, 2.5 m s −1 higher than the plantations. Daytime peak R n values are around 350 W m −2 higher over both plantations than over Desert, but with similar losses at night time. Daytime Jojoba albedo values are noticeably lower than the Jatropha and this is reflected in the greater Jojoba R n values.
Model simulations
This analysis is carried out via high resolution model simulations with the WRF-NOAH model. In relation to subsequent impact studies, this study focuses on the configuration and validation of the model for an arid region. Additionally, as a first examination of vegetation impacts, the energy fluxes estimated by NOAH are investigated, since these express the interaction of the atmosphere and the land surface. The model domain spans 888 × 888 km and is centred over the state of Israel (see Fig. 5 ).
Fig. 3.
Observed daily 24 h mean values of R n , U , P , U and U direction. 7 or 30 day means are plotted for U , U Dir and P based on peak analysis to highlight differences between the stations and the evolution of the summer climate (2012-JJA). Due to poor quality flags some Jojoba R n data were rejected for the last 8 days of the season. To judge the model performance and configuration, two cases are assessed. The first is the baseline (WRF Control). The second is a simulation of a 10 × 10 km irrigated plantation (WRF Impact). WRF Control observations are compared to the Desert observations and WRF Impact observations are compared with observations from Jojoba and Jatropha. The ultimate goal, although not in this paper, will be to use the WRF-NOAH model to investigate the impact of horizontal flux gradients on ABL development and convection initiation or suppression. To ensure that these gradients are representative, the model should be able to reproduce the energy balance correctly over both surfaces. For that purpose, this study examines the correct reproduction of the fluxes over desert and vegetated surfaces.
Modelling configuration
The Advanced Research WRF (ARW; WRF-ARW 3.4.1) non-hydrostatic atmospheric model, coupled with the NOAH land surface model (LSM) was configured with a 444 × 444 cell grid with 92 vertical levels and a 2 km grid horizontal increment. A single downscaled model domain was chosen with care to capture most large-scale features, such as the influx of sea air from the north-east, but to avoid orography and other strong features at the domain boundaries (see Fig. 5 ). The model was forced at the boundaries by ECMWF (European Centre for Medium Range Weather Forecasting) 6-hourly analysis data at 0.125 • grid increments and with 6-hourly updated sea surface temperatures (SSTs). The model physics schemes used are shown in Table 2 . Model physics schemes were chosen with consideration to the following:
-how relevant processes are dealt with and relevance to arid regions, land-surface/atmosphere feedbacks and convection;
-experience and sensitivity tests within the working group and within the WRF model community;
-which variables are explicitly calculated by, and are output from the scheme.
Additionally some schemes are designed to be paired (e.g. the SW and LW RRTMG schemes).
The YSU (ABL) and Morrison 2-moment (microphysics) schemes have been used for various publications relating to arid regions (Wulfmeyer et al., 2014; Becker et al., 2013) and temperate regions (Warrach-Sagi et al., 2013) . YSU is the default WRF ABL scheme. It is non-local, explicitly handles entrainment, and is generally thought to perform well in unstable convective conditions (e.g. Shin and Hong, 2011; Hu et al., 2010) , which is most relevant for examining the daytime fluxes. The MM5 surface layer scheme which computes surface exchange coefficients of heat, moisture, momentum using Monin-Obhukov stability functions, and is to be paired with the YSU (or WRF) scheme.
The Morrison 2-moment microphysics predicts total number concentration of ice species and may improve the representation of ice crystal aggregation and ice cloud radiation representation (Morrison and Gettelman, 2008) . One study (Molthan and Colle, 2012 ) which used Morrison with WRF, cited that it gave the minimum difference between simulated and accumulated precipitation during a convective storm when compared to five other schemes. However, it is not known if this improvement in the representation of ice number concentrations would really improve simulations within our region of interest.
The land surface model was initialized using the International Geosphere Biosphere Programme (IGBP) MODIS 20-category land use and soil texture with the Food and Agriculture Organization (FAO) State Soil Geographic (STATSGO) 19-category soil data set. The initial soil moisture state and lower soil boundary temperatures come from the forcing data. The model duration was 92 days over JJA, 2012 and instantaneous values were generated every hour. Full observation data sets from Desert, Jatropha and Jojoba were available for this period.
In the absence of accurate, gridded, initial soil moisture ( ) conditions, a spin-up period is needed to allow soil moisture within NOAH to approach equilibrium within the hydrological cycle. The optimal spin-up period for any particular application is uncertain and may depend on the, regional characteristics, accuracy of initial soil conditions, temporal and spatial resolution applied as well as other factors (Lim Du et al., 2006) . Du et al. (2006) simulate soil moisture in East Asia using the CLM model (Community Land Model) at 0.5 • grid spacing, and proposes that the time interval between a precipitation perturbation and reaching an equilibrium is proportional to soil depth. He also says that surface soils (0-10 cm) may require a few months to reach equilibrium. Lim et al. (2012) ran five year comparisons in differing climates using NOAH at around a 0.1 • spacing and concluded that arid soils may require considerable periods, possibly even years to reach equilibrium when compared with a monsoonal climate. Using such fine grid scales the required resources needed for such spin-up periods are simply prohibitive for many applications. In this case a one month spin up period was chosen as the longest period feasible, with the admission that for the control run, even one year might not be sufficient for a true equilibrium to be reached. However, within the simulated plantations, the sub-layers are in any case artificially moistened, and the target level reached after approximately one day (see next section).
Irrigated plantations in NOAH
At the time of our simulations there were no official releases of WRF with irrigation schemes implemented in the accompanying NOAH or the newer NOAH-MP (multi-physics) land surface models. Schemes have been devised by others independently though and incorporated into WRF for impact studies (see Harding and Snyder, 2012; Sridhar, 2013) . Sridhar for instance simulated two kinds of surface irrigation: flood and sprinkler systems. In our case, a controllable subsurface scheme was required, to reflect the sophisticated system used in Israel and so this was developed as a sub-routine and incorporated into NOAH for this study. The scheme was intended to mimic the actual jojoba plantation characteristics as closely as possible, therefore attention was given to the following factors: plantation location, size and shape; subsurface irrigation scheme/soil moisture and vegetation and soil parameters. A hypothetical plantation was introduced by modifying the land surface properties in the static land surface data used by the model (see Fig. 6 ). It should be emphasized that the intention is not to simulate detailed spatiotemporal phenomena over the actual 4 km 2 observed plantation, where a more explicit resolution could be more appropriate. Rather we seek a good statistical representation of the diurnal fluxes over a homogeneous plantation. A plantation size of 5 × 5 cell grid cells was used, representing dimensions of 10 km × 10 km. This is in fact larger than the actual jojoba plantation, which is closer to the size of one 2 km × 2 km grid cell. Pielke Sr. (2002) suggests a minimum of 4 grid cells to resolve any one feature. There is also a risk of introducing statistical anomalies due to clustering or artefacts and therefore using multiple cells allows for spatial averaging. Independent from the model simulations, the assumption could be made that surface quantities over the 2 km × 2 km jojoba plantation would acquire similar characteristics to those over a larger plantation of e.g., 10 km × 10 km across. This is uncertain though because, although advection effects are likely to be greatly reduced after a few hundred metres horizontally, differences in the scale of pressure perturbations and the mean wind field may well differ with the scale of the plantation. Another factor is that the wide spacing between the jojoba plants could lead to local heterogeneities and unusual turbulent characteristics above the canopy which may differ significantly with assumptions inherent in the model. Such effects are difficult to identify with point measurements. To check our assumptions on representativeness, we later compared fluxes from the 5 × 5 plantation with those from a 1 × 1 plantation (over one week), and the diurnal cycles and variability were not significantly different.
Grid cells for the plantation were first re-classified from Desert/Scrub to an Evergreen Broadleaf classification as a starting point for the configuration. Then, parameters such as canopy height, minimum stomatal resistance (R C min ) and roughness were modified further based on literature on jatropha (Rajaona et al., 2012 (Rajaona et al., , 2013 Niu et al., 2012) and jojoba (Benzioni, 2010; Benzioni and Dunstone, 1988) , sensitivity tests and site surveys (see Table 3 ).
Realistic simulation of the sophisticated irrigation system of the jojoba plantation using a soil moisture based system in NOAH is problematic, because the sub-grid heterogeneity of cannot be reproduced at 2 km resolution. Nevertheless, if reasonable estimates of optimal for irrigation can be made, and well-chosen plant soil and parameters are used, then we may expect a reasonable reproduction of the soil/plant water hydrology. We then make estimates of ET based on Penman-Monteith methods and observations, and compare them with the model results. These comparisons should indicate whether the irrigation scheme and parameterization produces ET of a realistic magnitude.
In order to calculate irrigation inputs, attention was paid to both the soil and plant properties. A method from Choudhury and DiGirolamo (1998) was used, who collated critical values of fractional root zone available water for various species from various publications. This value F AW is the ratio of available water to maximum available water (Eq. 1):
where F AW is the critical value, WP is the soil wilting point and FC is the field capacity. If the soil conditions such as and soil texture, are such that this ratio falls below the critical value then the plant is expected to experience stress. F AW values for various species are quoted by Choudhury, but not for jatropha or jojoba. The variability in quoted F AW values for plants of a similar biomass were not that varied -mostly between 0.3 and 0.4, with the only extremes being 0.25 for cotton and wheat and 0.50 for grasses. Sorghum, which like jojoba and jatropha requires a warm climate and is drought resistant, is accorded F AW values of 0.37 and 0.35 by two separate studies, as reported by Choudhury. This represents the closest match in terms of climatic envelope as it can survive in semi-arid climates. Using the soil texture data a value of around 0.39 was calculated for F AW and rounded up to 0.4. This yields a value of 0.18 m 3 m −3 which was used for the irrigation target moisture level. The results should therefore be interpreted under the assumption that 0.18 m 3 m −3 is the minimum permissible water input for the plants. This also relies on the assumption that the deficit irrigation techniques minimize the water quantities need for the plants to thrive.
For soil moisture transport NOAH uses a layer discretized version of the Richards equation (Eq. 2) with four soil layers of thicknesses: 10, 30, 60 and 100 cm (from the surface layer downwards). There is a free drainage scheme at the lower boundary.
where D is hydraulic diffusivity, K is the soil hydraulic conductivity, P D is precipitation, R is surface runoff and E t i is the layer root uptake. The soil was irrigated by adding an extra irrigation term (I ) to the appropriate soil layers. To assess which layers should be irrigated, a site inspection was made, and a lateral distribution radius of 30-40 cm was observed around the pipe. Therefore water was added to the second and third soil layers to approximate this depth and water distribution. The level was replenished every 7 days to each sub-surface layer independently using the following logical statement: "IF 2,3 < 0.18 THEN add water. IF 2,3 > 0.18 THEN do not add water".
Adding water to only two of the sub-surface layers caused the model to become unstable due to the matrix method of solving the discretized equations. Therefore the water had to be added slowly (0.0004 mm/18 s timestep) and the constraining parameter in the water-balance error mechanism had to be adjusted.
Because the entire volume of each soil layer was wetted, the drainage over time is very slow, despite losses to uptake and deep percolation, and therefore after the first day of irrigation, remains almost constant over the seven day intervals (0.18 ± 0.002). The reproduction of soil drainage characteristics over time still remains a problem therefore, because in reality the fluctuation would be larger and more rapid from a smaller wetted volume. Therefore, the variability in canopy ET at short time scales of e.g., a few days, may not be well represented by the model because in reality the soil may dry before the sensors activate new irrigation and higher resistances are likely to occur briefly. In this model simulation therefore, ET is therefore still limited by , but only in terms of the target level applied and not by varying levels of moisture due to soil moisture spatial heterogeneity, as may happen in reality. Well-reproduced daily variability therefore, might not always be expected but representative diurnal ET magnitudes based on target levels and the environmental conditions are assumed. Fig. 7 . ECMWF soil moisture initialization data for the second soil layer in NOAH (10-40 cm). The re-initialization of the soil moisture within the plantation can be seen on the image marked with a red arrow where there is a small patch which is much drier than the surroundings.
Soils within the plantations
The soils within the plantation are classified as clay loam by the FAO model soil data. Local soil survey data estimates that soils at the plantation are mainly composed of silty to sandy loam, loess soils. These were therefore reclassified to a sandy loam category both in Impact and Control. Parameters were then refined further using local survey data (see Table 4 ).
Soil moisture initialization values seemed to be unrealistic in the 2nd and 3rd soil layers (see Fig. 7 ) where fractions of 0.2-0.28 were prevalent, particularly upwind of the plantations and in the desert. These levels approach field capacity for sandy loam soils. Values closer to wilting point are likely to be more realistic during summer after a dry 2012 spring, even at 0.5 m. However, this could not be confirmed as quality data was not available. Nevertheless, if the sub-soil data is unrepresentative, there could be implications for advection of moisture and perhaps the model spin-up time for the soils. The assumption was made that sub-soil from unvegetated surfaces would not be a significant factor due to lack of a transport mechanism from sub-soils to the surface i.e. roots. Of course, there may still be an impact on the thermal diffusion and conductivity of the soil.
The 2nd and 3rd soil layers within the plantation boundary were re-initialized to wilting point (0.047) to ensure that initial levels are below the levels prescribed by the irrigation scheme (0.18 m 3 m −3 ). Otherwise it may have taken some time for the soil moisture to decrease to that level which would increase the spin up time. Re-initializing a wider area of soil was considered, but a method for deciding the extent and value was not found.
Validation
To judge the model performance and configuration, two cases are assessed. The first is a baseline run with unmodified MODIS land surface data (WRF Control). The second is a simulation of a 10 km × 10 km irrigated plantation (WRF Impact). WRF Control is compared to observations from a desert surface. WRF Impact is compared with observations from jojoba and jatropha plantations.
Comparison with observed quantities
The validation of the Control model run against Desert observations, and Impact against Jojoba are shown in Figs. 8 and 9 as mean diurnal cycles with standard deviations as error bars. It is relevant to compare not only model against observations, but also how the quantities compare between the cases themselves. T 2 (model to observations) -during the daytime, Desert T 2 values are reproduced extremely well by WRF Control with almost no deviation between 08:00 and 21:00 LT The variance is well reproduced throughout the day. After 21:00 LT, the model starts to diverge and there is a significant nighttime cold bias of around 2 • C. A similar overall pattern occurs with WRF Impact which shows a strong cold bias during the night time (up to 5 • C). Here though, the model is also a little too cool during the day (1-1.5 • C). WRF Impact T 2 also accurately simulates the variability of Jojoba T 2.
T 2 (case comparison) -in reality, the observed daytime T 2 over Jojoba is warmer than over Desert (1 • C) but up to 2 • C cooler during the night (Fig. 8, top panels) . If we compare the model's representation of this phenomenon, WRF Impact correctly predicts cooler night time T 2 than Control. However, this difference is larger than in reality by some margin (up to 2 • C). WRF Control and Impact have daytime T 2 which are almost equivalent, with WRF Impact T 2 around 0.5-1 • C cooler than WRF Control.
VPD (model to observations) -WRF Control models the VPD quite accurately throughout the 24 h period including variability, with a maximum bias of +0.2 hPa during the afternoon when temperatures are highest. WRF Impact also models the VPD relatively well in terms of magnitudes, but exhibits a lag which could lead to a deviation in diurnal ET. The variability is also somewhat over estimated during the mornings.
VPD (case comparison) -during the middle of the day Desert VPD is 0.5 hPa higher than Jojoba. Disregarding the bias itself, WRF models this difference accurately in both magnitude and sign. At night Desert has a slightly higher VPD than Jojoba, reflecting the higher temperatures. Jojoba VPD approaches zero in the morning indicating nearsaturated conditions. U (model to observations) -WRF Control reproduces Desert U accurately, exhibiting biases of no more than 0.5 m s −1 . In fact this bias appears to be one of phase rather than amplitude, with the WRF Control peak occurring later than Desert by an hour or so. There is also an unusual U peak (0.5-1 m s −1 ) which occurs around 06:00-07:00 LT in WRF which is not reflected by the observations. The variability is overestimated somewhat (up to 0.5 m s −1 ). WRF Impact U was compared with height corrected U data from Jojoba to account for the difference in measuring height of 6 m and the model diagnostic height of 10 m (see Appendix C). The WRF Impact U peak matches the observations to within 0.5 m s −1 . In contrast to Control, the WRF Impact peak occurs earlier than Jojoba by around 1 h but is similar in that the variability is overestimated.
U (case comparison) -Desert U is considerably more rapid than Jojoba during the middle part of the day (5.5 and 3 m s −1 , respectively) as expected due to the difference in roughness. This is only reproduced partially by WRF -predicting Desert peak U to be only 1 m s −1 more rapid than Jojoba. R n (model to observations) -WRF Control R n matches closely with Desert observations throughout the day and night with only a deficit of 25 W m −2 around midday. WRF Control underestimates the variability a little though during the daytime (around 15 W m −2 ). WRF Impact matches Jojoba somewhat less well with biases of up to 60-70 W m −2 (8-10 % of total magnitude), although the variability is simulated accurately.
R n (case comparison) -during the day, observed Jojoba R n at 01:00 LT (740 W m −2 ) reaches 300 W m −2 higher than Desert. During the night, net losses for Desert and Jojoba are quite similar -between 60 and 100 W m −2 . WRF models these relative characteristics very closely.
G (model to observations) -WRF Control overestimates G during the day from around 10:00 LT onward. This positive bias reaches 30 W m −2 at around 00:00-01:00 LT. The variability is also somewhat overestimated. During the night, G losses are overestimated -up to 25 W m −2 during the late evening. WRF Impact overestimates G by up to 20 W m −2 during the day and also overestimates the upward nighttime flux also up to 20 W m −2 . In both model cases the morning G gradient has a slope that is too steep in comparison with the observations. Additionally in both model cases, the model appears to lag the observations (1 and 2 h for Control and Impact, respectively). If these anomalies were corrected, the biases would be considerably reduced over much of the day.
G (case comparison) -as expected, observed peak G is considerably higher in the Desert soil than in Jojoba -with a ratio of around 2 : 1. Observed nighttime G losses also hold to this ratio with Desert losses larger than Jojoba. Again disregarding the absolute values, WRF reflects this daytime ratio between the surfaces. ST5 (model to observations) -WRF Control underestimates the 5 cm soil temperatures, although the variability is well simulated. Both cases exhibit a significant cold nighttime bias, reflecting the bias in T 2. The nighttime biases approach 4 • C for both cases. During the day WRF Control converges significantly with Desert and is only 1 • C cooler around midday. WRF Impact ST5 exhibits a more damped amplitude than Jojoba and bisects Jojoba at around 3pm, then underestimating the peak ST5 by up to 2 • C.
ST5 (case comparison) -Desert ST5 has a much greater amplitude (15 • C) than Jojoba (5 • C). WRF Control predicts an amplitude which is too large (18.5 • C) compared to Desert, likely due to the large nighttime T 2 bias and WRF Impact also overestimates the amplitude by around 4 • C. ST5 drops to around 28 • C at night time whereas Joj LT for Desert and around 18:00 LT for Jojoba. These peaks are modelled very well by WRF in both cases.
Comparison with evapotranspiration estimates
Since measurements of vertical fluxes were not available, ET was calculated independently from WRF-NOAH by applying two formulas based on Penman-Monteith equations (see below) and the observed Jojoba meteorological data. Penman-Monteith methods were thought to be appropriate here because they are often used in conditions where water is not greatly limited such as with irrigated crops. Estimations in conditions where water stress is present are more problematic and other methods may be more suitable, e.g. parameterized ET sub-models based in hydrologic models (Sumner and Jacobs, 2005) . Additional estimates were examined from Becker et al. (2013) and also from a United States Agency for International Development (USAID) report (Irrigation and Crop Management Plan, 2006) -both of which discuss ET estimates for a jatropha plantation (Luxor, Egypt) in a similar summer climate (though winter is warmer and drier). Jatropha ET was not estimated because of the small plantation size and the likelihood of biases from advection.
Two methods were used: (a) the combination PenmanMonteith equation (Penman R a /R s ) and (b) a modified Penman-Monteith ASCE method (Penman FAO 56) (see Appendix B for descriptions). The first method, Penman R a /R s is based on the so called combination PenmanMonteith equation from Monteith (1965) which includes explicit surface and aerodynamic resistances. The second method, FAO-56 Penman-Monteith (Allen et al., 1998) Both methods generally assume a neutrally stable surface layer which, given the dry convective afternoon conditions in hot, arid climates, when thermal turbulence dominates, is often not the case. Methods have been devised to include stability functions. The MM5 surface layer scheme (see Table 1 ) selected for the model simulations does employ a stability correction factor (S) which is combined with wind speed to calculate evaporation (see Appendix A for a description). However, it is not completely clear whether the inclusion of stability correction affects ET calculations substantially or not. Mahrt and Ek (1984) discuss the significance of stability correction in a study based on the Wangara experiment. Otles and Gutowski (2005) also discuss this issue in relation to a modelling study carried out within a semi-arid climate. They tested methods with and without stability correction, and obtained fairly similar results which corresponded closely with lysimeter and flux observations. Bearing this in mind, and because the absence of profile data makes the stability regime hard to identify, no stability correction was used in this case for estimations.
was
The mean daytime Jojoba evaporation estimates (averaged for all summer months) from both Penman-Monteith methods are shown in Table 5 . Both methods yield very similar mean daytime ET C values (Penman R a /R s 4.56 mm d −1 and Penman 56 FAO 4.33 mm d −1 ). The quality of these estimations were assessed through comparison with annual data gathered for the Luxor jatropha plantation, from the US-AID report (also based on the FAO 56 approach). In Luxor, mean jatropha ET C values of 4.86 mm d −1 are quoted for the summertime (see Fig. 10 ), which is a very close match. The annual total ET C in Luxor is estimated to be around 1250 mm. In Israel on the other hand, agronomists quote an annual input of 700 mm for jojoba (650 mm for jatropha). The average 200 mm of winter rain in Be'ér Sheva' can be added to that. If the above annual irrigation inputs are accurate, there still remains around a 300 mm difference between the Israel and Egypt totals. This difference may be attributed to (a) cruder, surface irrigation in Luxor, where greater losses to direct evaporation and runoff could be assumed, and also (b) the cooler winter climate in Israel. Therefore, less water is needed in Israel during the winter and 900 mm yr −1 may therefore be a plausible water requirement. Additionally, three harvests are obtained every growing season in Luxor which necessitates more irrigation than if only two per year were taken. However, if we concentrate only on the summer months, where observations for Israel are available, then both Penman estimates (Table 5 ) match the Luxor ET rates (Fig. 10) to within 0.5 mm d −1 .
ET from the Penman-Monteith ET estimates and from the WRF-NOAH model, are compared in Fig. 11 (left panel) , and are expressed in both W m −2 and mm d −1 . Given that we assume no losses to drainage or direct evaporation, the transpiration also represents an approximation of the plant water requirement. Therefore the JJA total requirement based on the WRF value of 4.42 mm d −1 would yield 406 mm over the 92 days of JJA (419 mm for Penman R a /R s and 398 mm for Penman FAO 56) .
The remainder of the energy balance for these two methods was then estimated from the G and R n observations. The WRF HFX fluxes were plotted against the plantation HFX values implied by the ET estimations, calculated as the residual of the energy balance (Eq. 3):
R n measurements should be fairly representative, but a good representation of G is difficult to obtain without many measurement points due to: soil heterogeneity, sharp temperature gradients and diurnal changes in shading caused by the partially open Jojoba canopy. Additionally, the heat storage needs to be accounted for, requiring good estimations of wet/dry soil thermal conductivities and . In spite of these factors, during the middle part of the day, G magnitudes play a minor role in the energy balance (for Jojoba, 5 % of R n ). Therefore, day time biases in G should not overly affect estimates of the other energy fluxes, based on R n − G. During the night however, biases in G could play a larger role where R n and G flux magnitudes approach each other. The resulting Penman ET curves are quite similar in magnitude with a 1 mm d −1 or 28 W m −2 difference during the middle of the day. The Penman FAO 56 curve shows a slight lag of perhaps 1 h, when compared with Penman R a /R s , and has a less peaked shape. At night, Penman FAO 56 exhibits only a very small downward flux (perhaps 5 W m −2 ), whereas Penman R a /R s shows a higher downward flux of 10 -20 Wm −2 . WRF Impact ET matches well in magnitude with the Penman estimates, and during the day the WRF curve falls somewhere between the two Penman curves with a maximum latent heat value of 160-170 W m −2 . After sunrise, WRF Impact follows closely with the Penman R a /R s ET curve until midday when the model diverges a little. Around 14:00 LT, the Penman R a /R s curve drops sharply and bisects the WRF curve which predicts high ET for a longer period before dropping more smoothly downward between 14:00 and 16:00 LT. The peak time (of highest ET) in the model lies in between those from the Penman estimates, with all three curves being spaced around 30 min apart. During the latter part of the afternoon and evening, WRF matches more closely with Penman FAO 56. Both estimates vary more than WRF-NOAH especially during the morning up until midday. There could be many reasons for this. Biophysical factors not accounted for by WRF-NOAH are spatiotemporal heterogeneity in soil moisture and stomatal resistances. The influence of these factors are unquantifiable though without detailed hydrological measurements. In terms of atmospheric demand, for which we do have sufficient data, we know that R n varies by 80 W m −2 during this time of day (Fig. 4) and decreases in mean daily values over the season by around 20 W m −2 (Fig. 3). From Fig. 9 , G varies very little at this time (< 10 W m −2 ) so is not likely to influence ET significantly. T 2 in Jojoba also varies by 2 • C during these hours (Fig. 4) which is explained mostly by the seasonal peak in July (Fig. 3) . U varies only by around 0.5 m s −1 diurnally and with little drift over the season, therefore aerodynamics do not seem to play a large role. VPD varies diurnally by around 0.4 hPa and from Fig. 3 we can surmise that there is a peak of humidity during July because it remains constant whilst T 2 peaks at this time. Visually it appears that R n is the most variable during the morning hours which corresponds most closely with ET variability. Given the size of the 80 W m −2 fluctuation it is likely then that ET 0 variability is driven predominantly by that of R n . For the estimated HFX (Fig. 11, right panel) , WRF Control HFX is also plotted alongside WRF Impact and the two Penman estimates. WRF Impact approaches most closely to Penman R a /R s in magnitude and shape. It is noticeable that HFX from both Penman estimates have higher peak magnitudes than WRF Impact, which seems contradictory to what the LH plot implies, where WRF LH falls in between the two estimates. This apparent anomaly can be explained by (a) the slightly lower WRF Impact R n during the day and (b) the differences of alignment in peaks for observed and modelled R n and G (Fig. 9) . At night time, both Penman estimates exhibit large downward HFX (−50 to −100 W m −2 ) in the late evening which is not reflected by WRF Impact.
To examine the spatial gradient between simulated plantation and the surrounding desert directly, the mean daily maximum HFX and LH flux (JJA) were plotted from WRF Impact (Fig. 12) . These statistics show a plantation surplus of roughly 130 W m −2 for HFX and 165 W m −2 for LH. There is an anomalous sensible heat flux high, extending to the south of the plantation, on a scale of around 1 grid cell. However it is not yet clear why this is so as there are no anomalies in soil or land use type at this location.
Discussion
The aim of the study was to simulate a sub-surface irrigated 100 km 2 plantation in WRF-NOAH and compare diurnal statistics of T 2, Q2, U , R n , G, ST5 and LH with desert and vegetation observations. Based on the results we can assess the model's ability to simulate desert and vegetation surfaces and examine the flux gradients over vegetation and desert.
Validation results
WRF Impact diagnoses cooler morning and midday temperatures over Jojoba in contrast to WRF Control and Desert (Fig. 8) but the reasons for this are not clear. T 2 measurement error is likely to be negligible (see Table 1 ). Perhaps the Impact nighttime cold bias is extended into the convective ABL. Another possible cause is the lag in R n , in WRF Impact during this period. Other possibilities are advection effects due to the disparity in simulated and real plantation sizes. This needs to be tested with varying plantation sizes.
The nighttime T 2 cold bias is large and this is reflected in the 5 cm soil and skin temperatures and a correspondingly low upwelling long wave flux. This could be due to poor model simulation of the stable boundary layer and ABL transitions.
VPD is simulated quite well (deviation < 1 hPa) indicating a reasonable simulation of evaporative demand (see Appendix A for NOAH evaporation mechanism). How this relates in reality to diurnal surface resistances and ET C is not so clear. Under constant light and VPD, the stomatal aperture of jojoba is controlled by the xylem water potential (ψ) of the plant. Furthermore, responses to changes in ψ are heavily dependent on soil and air temperatures and therefore highly non-linear (Benzioni and Dunstone, 1988) .
U influences the energy balance partitioning greatly, through turbulent exchanges. U is well simulated over the desert and plantation. Variability is overestimated though by WRF Impact and underestimated by WRF Control. A possible source of bias is locally induced complexities in the turbulent wind field due to the open canopy. Finnegan et al. (2009) say that pressure gradients between the front and back of leaves and stems lead to unique turbulent characteristics, and suggest that Monin-Obhukov assumptions are not necessarily valid over canopies.
R n is well modelled in Control and Impact over the day (Fig. 9 ). There is a slight underestimation for both cases around peak time (14:00 LT) of 30-50 W m −2 . This can be explained by a simulated atmosphere which is too dry, with a reduced downwelling long wave (LW) radiation. This was investigated and a deficit does exist which accounts for nearly all of the R n bias. This represents only a small fraction of the R n magnitude though so it should not compromise energy balance estimates much.
G is overestimated by around 30 % in WRF Control, but not by WRF Impact. In both cases the morning upward slope is too sharp in the model, especially in Control. This could indicate (a) a too large temperature gradient between skin and soil, (b) misparameterized thermal conductivity, dependent on (Chen and Dudhia, 2001) , or (c) misclassified soil texture/characteristics. Measurement error in the desert is also a possible factor. However, the very high correlation between the two desert flux plates (0.99), more or less rules out any relative error. The contribution of G to the energy balance is 5-6 % in the plantation, but 20 % in the desert and when there is little ET, this G bias inevitably affects HFX exclusively. If the measurements are accurate, then WRF Control is underestimating HFX by around 30 W m −2 at peak time. This needs to be accounted for when comparing fluxes.
ST5 comparisons reflects the nighttime cold bias. However, the bias is strongest in Control. This can be partially explained by the greater upward G in Control (20 W m −2 ) than in the plantation (10-12 W m −2 ). During the daytime the model converges again with the observations. This can be explained by the steeper model slope which allows the model to reduce the deficit somewhat.
Diurnal energy fluxes
In terms of ET, the model matches closely with the observations, and lies within 20 W m −2 of both curves at peak time (Fig. 11, left panel) . Both the shape and the magnitude of WRF Impact lies in the middle of Penman R a /R s and FAO 56. This lends confidence to the simulated peak LH of 160 Wm −2 . Extrapolating these fluxes to HFX, a surplus of around 120-130 W m −2 (Fig. 11, right panel) is likely between the Jojoba and Desert surfaces (90-100 W m −2 if we adjust for the 30 W m −2 G bias in WRF Control).
Further calibration and sensitivity tests could improve NOAH for local conditions. One area that needs some improvement is the simulation of soil thermal transport, especially on bare soils. Vertical flux, profile and soil/plant measurements are also planned for Jojoba, for validation and for further calibration of the Penman methods. In summary, the simulation of irrigated plantations and corresponding land surface exchanges has been largely successful with only limited deviations in important variables. In particular, ET seems to be well simulated, when compared to Penman-Monteith estimates and the Luxor data. Therefore, conducting further impact studies, where flux gradients need to be correctly simulated, seems a reasonable prospect with this model.
In terms of the flux gradients, a prediction can be made that HFX over plantations will be higher than over desert surfaces, mainly due to the R n surplus and a low ET from Jojoba. These predictions differ with conclusions from some regional irrigation studies (e.g. Qian et al., 2013 and Kueppers et al., 2007) which diagnose cooler (daily mean) T 2 and high LH over irrigated plantations. This has significant implications for the impacts on local and regional climate if larger scale biomass plantations are planned. 
NOAH LSM ET C
The following expression based on a Penman-Monteith formulation is used by NOAH to calculate ET C (see e.g. Chen and Dudhia, 2001 ):
where R n − G is the available radiation (MJ d −1 ), is the slope of saturation vapour pressure against temperature, L v is the latent heat of vaporization (J kg −1 ), ρ a is surface air density (kg m −3 ), e s − e a is the VPD (kPa), S is a stability coefficient and represents C q U , where C q is the turbulent exchange coefficient for water vapour, described by the Richardson number. FC is the field capacity and w is the wilting point. W C is the intercepted canopy water content (kg m −2 ), µ is the maximum canopy capacity (kg m −2 ) and B C is a modifier, analogous to K C in Penman FAO 56, used to calculate ET C from ET 0 :
R r = f (U, T , P , C h ), and R c is the canopy resistance. For R c NOAH uses the Jarvis-type scheme, also described in Chen and Dudhia (2001) , for calculating R C :
where R c min is an empirical constant and LAI eff is the effective leaf area index (generally 0.5 × LAI). F 1, F 2, F 3, F 4 are coefficients representing the effect of radiation, air humidity, air temperature and soil moisture on R c respectively. F 3, the temperature coefficient is given by 1 − 0.0016 (T ref − T ) 2 where T ref is an optimum temperature for maximum photosynthesis and F 4, the soil moisture factor is given by the layer discretized expression:
where "nroot" is the number of soil layers where roots are present and f root is the layer's fraction of the root zone.
Appendix B Field ET estimation methods
There are standard methods used to estimate ET from vegetated surfaces, including so called Penman-Monteith methods (Penman, 1948; Monteith, 1965 The following expression is the Penman-Monteith (Penman R a /R s ) equation formulated to account for explicit surfaces and aerodynamic resistances:
where ET C is the crop ET (mm d −1 ), C p is the specific heat of air at constant pressure (J Kg −1 K −1 , γ is the psychrometric constant [kPa • K −1 ], R s and R a are the surface and aerodynamic resistances respectively (s m −1 ). The resistance terms are defined respectively as
where R l represents the bulk stomatal resistance. In the second expression, Z is the standard measurement height, Z 0m is the roughness height for momentum, d is the displacement height, Z 0h is the roughness height for water vapour and k is von Kármán's constant. Estimations for d, Z 0m , Z 0m have been suggested (Allen et al., 1998) , assuming that roughness heights for vapour and heat are equivalent:
where h is the height of the canopy. In order to use this method, values for bulk stomatal resistances (R l ) are a prerequisite. Estimations for Jojoba resistances under different conditions were collated for the report of the Seventh Conference on Jojoba (1988) and are shown in Table B1 . From these estimates it can be deduced that mean R l values of between 300 and 650 seem feasible for well-watered plants in summertime. The difference in early morning resistance (250 s m −1 ) compared to 11:00 LT (500 s m −1 ) reflects a common desert plant strategy of closing the stomata during the hotter parts of the day. Another factor when choosing a suitable R l value is that in reality, although the plants are watered adequately, only the minimum amount needed for plant health and optimized yields, are fed to the plants. In arid regions, even with slightly compromised yields, Jojoba production could still be optimal if the savings in water costs exceed the opportunity costs conceded due to lower yields. Lower inputs would indicate higher R l values. In other words, under greater water stress it is reasonable to expect higher values of R l . Regarding the effect of salinity on stomatal resistance, extremely high R l values are estimated for salt-sensitive plants in saline soils, even exceeding 1000 s m −1 .Given the mean values of 1 dS m −1 quoted for the irrigation water it is likely that only a minimum of leaching by winter rains may be needed to avoid salt accumulation. The FAO (Ayers and Westcott, 1985) quote one method for estimating the annual water requirement for leaching as A w = ET (1 − LR), where A w is the annual water requirement including irrigation and ET is the annual irrigation applied. LR is a coefficient for the minimum leaching requirement needed to control salts within the tolerance of the crop. This is calculated as LR = EC w /(5 EC e − EC w ), where EC w is the salinity of the applied irrigation water in dS m −1 . EC e is the average soil salinity tolerated by the crop as measured on a soil saturation extract. The FAO recommends that the tolerance value used should represent a maximum of 90 % reduction of the potential yield, but 100 % for moderate to heavy salinity (> 1.5 dS m −1 ). Only sparse data on Jojoba salt tolerance is available and many factors could complicate estimates, such as plant varieties and age. Hussein et al. (2011) reported that young Jojoba plants can withstand up to 8 dS m −1 , with one variety "Siloh" tolerating 10 dS m −1 with no reduction in flower production. However these are juvenile plants or seedlings. They also state that salt tolerance increases with the age and vigour of the plants. If we insert a value of 8 dS m −1 and an annual ET of 700 mm for Jojoba, this yields a leaching requirement of 20 mm. If we are more conservative and choose a tolerance of 2 dS m −1 (as estimated in Ayers and Westcott, 1985 for sorghum, grapefruit and orange trees), and assuming a maximum 10 % yield reduction this would require around 90 mm. Therefore, it is safe to assume that any accumulated salt is leached by the 200 mm of winter rain which is average for Be'ér Sheva'. Anecdotally, the managers report that there has been no significant soil degradation due to salinization, even dating back to 1948 when the first plantations were implemented. In spite of this, it is apparent that at least some salt is present in the soils during summer, and this is evident from small patches of salt accruing where water has occasionally breached the surface. Given the very high sensitivity of Jojoba stomatal resistance to salt stress (Table B1) , it was thought to be safer to assume a small amount of salt stress. Therefore, a corresponding value of 800 s m −1 was estimated for R l . This higher value can also be justified by the deficit irrigation technique which is associated with higher resistances when compared with cruder methods, e.g. surface irrigation. In this regard, stomatal resistances could also exhibit a diurnal peak during the afternoon when soil water around the roots becomes depleted, and soil water is redistributed at night.
Mean seasonal hourly values calculated from this Penman method were multiplied by the vegetated fraction (σ f ) estimated at 70 %.
B2 FAO-56 Penman-Monteith Equation (Allen, 1998)
The following expression is the Penman-Monteith equation (FAO-56) using a crop coefficient K c to modify ET 0 (Eq. B7): where ET 0 is the reference evapotranspiration (mm d −1 ) of a well-irrigated cut grass crop, R n − G is the net available radiation (MJ d −1 ), T is temperature at standard height ( • C) and u z is the wind speed at standard height (m s −1 ). ET c is modified using K C i.e. ET c = ET 0 × σ f × K c , where ET c represents the actual crop ET estimate. In general terms the ET 0 can be thought of as the first-order climatic demand and K C is a modifier. K C accounts for species-specific physiological and physical factors, differentiating the crop from the reference vegetation and is intended to represent the effect of: crop type, albedo, stomatal resistance and direct soil evaporation. It is the ratio of ET 0 to the ET c and is often < 1, but not in all cases. With closely-spaced, tall, freelytranspiring canopies, K C can be as much as 15 to 20 % > 1. A dual K C method can also be used by splitting the coefficient K C into basal crop and soil evaporation components (K CB + K E ). However, since we assume negligible soil evaporation with sub-surface irrigation, K E would be negligible. We therefore concentrate on the basal effect only i.e. a single K C value. Normally K C values are available in lookup tables made available by the FAO but specific values for Jatropha and Jojoba are not given, so values were substituted from the nearest crop type in terms of height, biomass, geographical distribution and characteristics (oil seed crops and fruit tree categories). The validity of doing this is of course debateable. For nearly the whole year, a value of 0.7 is estimated by the FAO for these categories (this falls fractionally to 0.65 in the coolest winter months). Another source gives Jojoba a value of 0.5 all year round (Benzioni and Dunstone, 1998) . A constant value is a reasonable assumption in arid regions, especially for the Israel Jojoba plants because they are fully mature perennials whose shape is maintained by periodic pruning. This contrasts with some crops such as annuals whose K C varies widely over phenological stages.
It should be noted that when conditions are calm and humid, the aerodynamic factors of tall, dense canopies have less effect on the ET 0 /ET c ratio than the radiation which is the dominating driver of ET at low wind speeds. When relative humidities are lower than 45 % (assumed in the reference K C estimates) the vapour pressure deficit (VPD) is higher, and the aerodynamics of taller crops has more effect. This can be better seen from the ratio (e s − e a ) R −1 a in the numerator of Penman, R a /R s (Eq. B1). In arid conditions when the VPD is high, the ratio will be larger, which means that a significant change in R a will have a large effect on the ET 0 . Accordingly, the differences in ET 0 estimation would be amplified with tall crops experiencing higher wind speeds because the aerodynamic term is proportional to U z and canopy height. Over the plantations, mean minimum daytime RH values are 29.6 % over the Jatropha and 30.0 % over the Jojoba which represents a large VPD. However the mean daytime wind speeds are low (1.71 m s −1 Jatropha and 1.88 m s −1 Jojoba) which would likely be a compensating factor. This was checked by using an adjustment modifier for mid-season K C from Allen et al. (1998) (Eq. B8): 
where u Z is the mean 2 m daytime wind speed (m −1 ) and RH is the minimum daytime relative humidity (%). Using this correction and the observation data, the K C value remains virtually unchanged because the low RH is offset by low wind speeds. Therefore the K C values used were not changed for the calculations.
There are other factors which may affect ET, such as crop and leaf geometry to name just two examples. Regarding geometry, in Jojoba the leaf orientation is almost vertical which, as well as affecting the turbulent wind characteristics, would also reduce incident solar radiation on the leaves when the solar zenith angle is low and temperatures are at their highest. Transpiration and photosynthesis rates tend to be correlated with solar radiation intensity. This would therefore minimize evaporation and heat loading at midday and optimize photosynthesis, when heat and water potential losses are low (Seventh International Conference on Jojoba and Its Uses: Proceedings, 1988) . Factors such as these are difficult to take into account within a general K C coefficient however but further research to improve species-specific estimates are out of the scope of this study.
